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Three morphological types of cordierite are distinguished in the Velay INTRODUCTION migmatites and granites: (1) anhedral cordierite mimetic on older The formation of cordierite in peraluminous granites and biotite-sillimanite melanosomes; (2) prismatic cordierite; (3) cor-related high-grade anatectic terrains has been variously dierite-quartz aggregates (nodules, cockades and dendrites). Struc-interpreted [see synthesis by
]. Some contural relationships show that all types of cordierite grew under sider cordierite as a product of subsolidus metamorphic conditions above the granite solidus. Prismatic cordierite, a first-reactions (Pereira & Bea, 1994) , a product of peritectic formed phase in some granites, appears to result from equilibrium reactions at the granite source [see Wall et al. (1987) biotite dehydration melting under low-P conditions (peritectic corand references therein], or remains of digested xenoliths dierite, also possibly cotectic), and to reflect genesis of shallow (Bouloton, 1992) . Others consider cordierite as a cotectic crustal melts formed from the surrounding metamorphic series. magmatic mineral (Clarke, 1981; Clemens & Wall, 1981 ; Cordierite-quartz aggregates, overprinting the fabric of granites and Weber et al., 1985; Wall et al., 1987) , or as a metasomatic migmatites, formed from earlier biotite-bearing assemblages. Phase phase linked to fluid percolation following granite conassemblages and chemical data suggest two coupled reactions: (1) solidation (Didier & Dupraz, 1985) . Several cordieritebreakdown of biotite in the presence of melt producing cordierite; forming reactions have been invoked encompassing sub-(2) dissolution of feldspars releasing Al and producing quartz. The solidus, vapour-present-melting and dehydration-melting data suggest that these aggregates result from diffusion-controlled reactions (Le Breton et al., 1986; Ellis & Obata, 1992 ; growth at the melt interface in a highly crystallized mush, at Montel et al., 1992; Pereira & Bea, 1994) . Phase reAl 2 SiO 5 Ζ 1, as a result of decompression of biotite-bearing lationships (Clemens & Wall, 1981; Grant, 1985;  Vielzeuf magmas equilibrated at depth, but which entered the cordierite phase & Holloway, 1988; Vielzeuf & Montel, 1994) show that volume during their final stage of emplacement. Cordierite formation cordierite can be formed by dehydration-melting of biin the Velay complex indicates the en masse ascent of the whole otite at pressures Ζ400 MPa, or crystallize from permelt-bearing volume (migmatites and granites), which led to a diapir.
aluminous granitic melts at pressures of 100-200 MPa. However, although cordierite commonly displays various habits and associations in granites and migmatites (Didier & Dupraz, 1985; Le Breton et al., 1986; Pereira & Bea, 1994; Maas et al., 1997; Williamson et al., 1997) , its The present paper, focused on the southeastern part melted gneisses is currently thought to be related to of the Velay complex ( Fig. 1) , presents new structural, extensional tectonics (Malavieille et al., 1990; Lagarde et mineralogical and chemical data (1) to clarify the re-al., 1994; Ledru et al., 1994; Costa & Rey, 1995) . lationships between cordierite and the fabric of the Velay
The complex consists mainly of peraluminous granites granites and migmatites, and to time the growth of the and granodiorites accompanied by some tonalites. The cordierite-bearing assemblages; (2) to propose possible rock types comprise homogeneous, banded and porcordierite-forming reactions; and (3) to show from phase phyritic varieties in which the mafic phases are biotite relationships and morphology that cordierite, a texturally and cordierite, and garnet locally. The complex contains rich phase, records the conditions of genesis, em-abundant rafts and enclaves of partially melted host placement and consolidation of peraluminous crustal gneisses, as well as enclaves or dismembered syn-plutonic granites. Mineral abbreviations used throughout the text dykes of high-K magnesian monzodioritic rocks called are according to Kretz (1983) .
vaugnerites (Montel & Weisbrod, 1986; Didier, 1991; Sabatier, 1991) . Several granite end-members are distinguished using major and trace elements and Nd and
GEOLOGICAL SETTING
Sr isotopic data (Williamson et al., 1992 (Williamson et al., , 1997 : (1) spatially restricted high-Sr granites located mainly in the centre The Velay granite complex is a large, heterogeneous of the complex and assumed to result from partial melting plutonic unit, 70 km in diameter, located in the eastern French Massif Central. Its emplacement within partially of a meta-igneous lower crust; (2) heterogeneous granites located mainly towards the margins and interpreted to and decimetre-sized, exceptionally metre-sized, strongly dendritic cordierite-quartz aggregates within a granite result from mixing between the high-Sr melts and partial melts from country rocks. Williamson et al. (1992) con-matrix (dendrites). The nodules are commonly branched and display all the transitions in size and morphology to sidered the genesis of the Velay granites to have occurred as a three-stage process starting with underplating of the dendrites. Each type of cordierite and its relationships with the structural features of the host rocks are briefly mantle-derived melts, followed by their remelting producing high-Sr melts, which were subsequently mixed detailed below. with partial melts of country rocks.
On its southern border (Fig. 1) , the complex is surrounded by high-grade orthogneisses and paragneisses.
Mimetic cordierite
Both were deformed and recrystallized in three stages (Macaudière et al., 1987; Laumonier et al., 1991; In the migmatitic paragneisses, the M 3 melanosomes et al., 1992) . A syn-collisional Barrovian-type meta-consisting of Bt + Sil are locally overprinted by mimetic morphism (M 2 ) associated with nappe emplacement (D 2 ) cordierite. The mineralogy of the paragneisses (biotiteled to a strong regional schistosity (S 2 ). It was followed bearing and K-feldspar-free), the trondhjemitic comby a second deformation event (D 3 ) which gave hec-position of the related M 3 leucosomes, and textural retometre-to kilometre-sized E-W trending folds, locally lationships in the melanosomes (Fig. 3d) indicate that accompanied by an axial planar schistosity (S 3 ). This cordierite post-dates the M 3 melting event. The growth latter event culminated in a first episode of anatexis (M 3 ) of cordierite in the migmatitic envelope of the Velay within the biotite stability field (P [ 500 MPa, T < complex was contemporaneous with the M 4 anatectic 750°C), at 314 ± 5 Ma (monazite U-Pb data; Mougeot event, as shown by Montel et al. (1992 Montel et al. ( ). et al., 1997 .
A second partial melting event (M 4 ; 400 < P < 500 MPa, 760 < T < 850°C), attributed to a thermal anomaly,
Prismatic cordierite
produced cordierite-K-feldspar-bearing migmatites. Kilometre-sized upright folds (D 4 ) shortly pre-dated the Prismatic cordierite occurs dominantly in the Velay granemplacement of the Velay granites. The D 3 and D 4 folds ites, although it may be found as clusters of crystals in are wrapped around the Velay pluton, with axes changing the leucosomes of M 4 migmatites. It occurs as the only from E-W in the south to N20°E along the eastern and ferromagnesian phase in some leucocratic granites or in western borders, suggesting that the complex behaved association with biotite in mesocratic varieties, where it on the whole as an immature diapir (Lardeaux et al., can amount up to 20 vol. %. It defines, along with 1992) . Although syn-magmatic compressive structures feldspars and biotite, the planar and linear fabric of the along the southern margin of the complex (Laumonier granites, and decorates decimetre-to metre-long synet al., 1991) resulted from the lateral expansion of the magmatic shear-zones. Layers containing abundant prisdome, extensional structures were developed at the roof matic cordierite may be mingled with cordierite-free (e.g. Pilat detachment fault; Malavieille et al., 1990) . biotite-bearing layers. Emplacement of the Velay complex occurred at 301 ± 5 Ma [zircon U-Pb; Mougeot et al. (1997) ; see also CaenVachette et al. (1982) and Williamson et al. (1992) ].
Cordierite-quartz aggregates
Lastly, kilometre-sized bodies or dykes of fine-grained to porphyritic post-anatectic granites intruded the Velay Crd-Qtz aggregates display a centimetre-thick, biotitecomplex.
free, Qtz + Pl + Kfs rim (cockades; Fig. 2a ). However, this rim is commonly lacking (nodules), or incomplete and preserved between the branches of the cordierite-quartz aggregates, or in strain shadows ( Fig. 2a and b) . Dendrites
CORDIERITE IN THE VELAY
represent an extreme growth morphology of Crd-Qtz
MIGMATITES AND GRANITES
aggregates. Nodules, cockades and dendrites are widespread in both migmatitic gneisses and Velay biotite Three main types of cordierite are distinguished morgranites. They rarely occur in granites containing prisphologically (Figs 2 and 3): (1) anhedral grains overmatic cordierite. In some orthogneisses with low Mg/ printing older melanosomes (mimetic cordierite), (2) Fe ratios (X Mg~0 ·3), quartz-garnet (almandine-rich) millimetre-to centimetre-sized euhedral barrel-shaped aggregates occur instead of cordierite and quartz. crystals isolated or as clusters in a granitic matrix (pris-
The main structural relationships between the Crd-Qtz matic cordierite); (3) centimetre-to decimetre-sized, aggregates and the Velay migmatites and granites are as slightly dendritic cordierite-quartz aggregates (nodules) commonly rimmed by quartz and feldspars (cockades), follows: VOLUME 40 NUMBER 9 SEPTEMBER 1999 (1) In the migmatites, Crd-Qtz aggregates overprint that these nodules can be considered to some extent as enclaves in the granites. the D 3 folds and the related S 3 schistosity and shear-zones (Fig. 2c ), but are crosscut by granite veins (Fig. 2d) .
(3) The biotite outlining the fabric of the biotite granites (layering, schlieren) or occurring as small surmicaceous (2) In the Velay biotite granites, some nodules display internal structures outlined by trails of quartz and biotite enclaves is overprinted by Crd-Qtz aggregates and commonly occurs as inclusions within them. However, the recording an earlier schistosity although the host granite displays only a faint planar fabric. The orientation of the aggregates are wrapped around by the granite fabric and display quartzo-feldspathic strain shadows (Fig. 2b ). trails is highly variable from one nodule to another, so Crd-Qtz aggregates may also be associated with ho-primary layering of the granite (Fig. 3a) . Cordieritequartz nodules (locally with tourmaline; Weber et al., loleucocratic bands contributing to the magmatic layering of the granite (Fig. 2e) . They are especially abundant 1985) also occur within a leucogranitic matrix as trails along joints cutting across the granite fabric. Lastly, where disrupted and partly assimilated metre-sized enclaves of surrounding migmatites occur in the granite Crd-Qtz aggregates are observed in pegmatite veins or extension gashes in association with muscovite and, loc- (Fig. 2f ) . Elongated nodules are observed within synmagmatic shear-zones cutting across the biotite-bearing ally, tourmaline. VOLUME 40 NUMBER 9 SEPTEMBER 1999 
Crd + Qtz aggregates aggregates (2) aggregates (2) (4) Dendrites are the most spectacular habit of cor-(1) Biotite occurs as an early phase in both biotitedierite in the Velay area. Exceptional metre-sized ex-only granites and cordierite-biotite granites [see also amples occur in both the M 4 migmatitic orthogneisses Williamson et al. (1997) ]. It occurs as rounded inclusions and the Velay biotite granites. Dendrites either display in plagioclase, K-feldspar and cordierite. Garnet also outward growth towards the granite, starting from biotite-occurs as clusters of small partially resorbed grains inrich xenoliths (Fig. 3b) , or occur as radiating branches cluded in plagioclase, or in the core of Crd-Qtz agin a hololeucocratic matrix, forming pods (Fig. 3c ).
gregates. (5) Crd-Qtz aggregates never overprint the vaugnerite (2) Prismatic cordierite occurs as a first-formed phase bodies, in which the composition of biotite is significantly in association with K-feldspar (cordierite-only granites, more magnesian (X Mg [ 0·5, but most frequently [0·6; M 4 migmatite leucosomes) and locally biotite (some cor- Montel & Weisbrod, 1986; Sabatier, 1991) than in the dierite-biotite granites). In biotite granites and migmigmatites and granites (X Mg < 0·5). matites, two successive assemblages are observed: Bt + In summary, prismatic cordierite appears as a first-Pl + Qtz ± Kfs ± Grt ± Sil overprinted by Crd + formed phase contributing to the granite layering, Qtz ± Pl ± Kfs aggregates. Cordierite has never been whereas Crd and Qtz in nodules, cockades and dendrites observed as inclusions in other minerals. In the agare second-formed phases overprinting earlier biotite-gregates, cordierite corresponds to either a single crystal bearing assemblages. Structural relationships indicate or an assemblage of a few crystals. that cordierite grew before full crystallization of the (3) Sillimanite is the widespread Al-silicate in the granites, and that nodules and cockades, moulded by the migmatites and in the Velay granites (xenocrystic silgranite fabric, behave as strong cores in a softer medium. limanite). It occurs commonly as inclusions within feldspars and cordierite. Kyanite has only been suspected in xenoliths carried up in the Peyron diorite synchronous
Phase assemblages and microstructures
with the Velay granite (Montel, 1985) . Andalusite has been reported in some porphyritic granites by Williamson Phase assemblages are summarized in Table 1 . Muscovite et al. (1992) , although we have found it only in late postis absent in the high-grade gneisses in agreement with anatectic granites, but not in the Velay granites. observations made on lower-grade rocks to the south of (4) Regular changes in abundance and habit of feldthe Velay complex (Weisbrod, 1968; Aït Malek et al., spars are observed from the host granite towards the 1995). In the M 4 migmatites and the Velay granites, core of cockades. In the host granite (Bt + Qtz + Pl prismatic cordierite and Crd-Qtz aggregates occur re-+ Kfs) and the hololeucocratic rim (Qtz + Pl + Kfs), gardless of the presence of sillimanite. The relationships plagioclase occurs generally as euhedral to subhedral between cordierite and the other phases can be summarized as follows:
grains, whereas K-feldspar occurs as either euhedral phenocrysts or interstitial grains. In the core, both feld-Comparison of the whole-rock spars, when present, occur as small resorbed grains often compositions of cockades and host granites rimmed by quartz ( Fig. 3e and f ). However, this rim To look for possible systematic elemental variations remay be locally discontinuous, so that plagioclase and K-lated to the formation of cordierite, we have focused our feldspar are observed in stable association with cordierite. interest on homogeneous biotite granites to make massQuartz has not been observed as inclusions in prismatic balance calculations more reliable. Two types of granite cordierite, but is present within nodules, cockades and were analysed for major and trace elements (Table 3) : dendrites always as rounded partly dissolved inherited (1) a homogeneous biotite-rich granite (sample 97-10) grains (Fig. 3e) and cordierite (e.g. Thompson, 1976) . The lower TiO 2 formula. A set of 30 analyses covering the main types and K 2 O contents in the cockades are consistent with (Table 2) , shows Si and Al IV averaging 4·97 ± 0·02 ( ) the breakdown of biotite, and the cockade/host CaO and 4·01 ± 0·03 atoms per formula unit (a.p.f.u.), and Na 2 O ratios lower than unity further suggest that respectively. Total iron is considered as Fe 2+ following feldspars were involved in the reaction. This is on the Abs- Würmbach & Bobersky (1989) . Cordierite is magassumption that TiO 2 , CaO, K 2 O and Na 2 O were lost nesian with Mg/(Mg + Fe 2+ + Mn) ratios averaging to the system by transport into the adjacent melt (open 0·58 ± 0·03 (range 0·51-0·64; MnO Ζ 0·5 wt %). Na system). Trace-element ratios are much more variable contents are 0·06 ± 0·02 a.p.f.u. on average, therefore although systematic variations are observed (Fig. 4): (1) yielding minimal temperatures in the 650-750°C range, constant Ga content as Al; (2) higher Be consistent with using the Na-in-cordierite thermometer (Mirwald, 1986;  the similarity in structures of cordierite and beryl; (3) Kalt et al., 1998) . This estimate is consistent with the slightly lower light REE (LREE), Hf and Zr but higher presence of a melt phase in the host rocks. CaO and heavy REE (HREE) and Y (Fig. 4b) ; (4) The data show that cordierite post-dates the D 3 -M 3 event; Plagioclase from the Crd-Qtz aggregates displays com-its formation started during the M 4 event and reached positions (An 17-24 , Or c5 ) similar to those of the host its peak during the emplacement and consolidation of granites (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , Or c3 ). The sole difference observed is the Velay granites. the presence of common albite-rich (An c3 ) patches in Prismatic cordierite occurs in the M 4 leucosomes, but plagioclases from the aggregates, which are likely to be most commonly contributes to define both the layering and the planar and linear fabrics of the Velay granites. secondary features related to cordierite pinitization. VOLUME 40 NUMBER 9 SEPTEMBER 1999 Analytical conditions: CAMECA SX-50 electron microprobe (Service Commun de Micro-analyse, Université Henri Poincaré , Nancy), 15 kV acceleration voltage, 10 nA sample current, 15 s counting time, ZAF correction procedure, natural and synthetic oxides and silicates as standards. * Total iron as FeO. X Mg = Mg/(Fe 2+ + Mg + Mn). Samples: 1, cordierite superimposed on a biotite-sillimanite melanosome (M 3 metatexite, Col du Coulet); 2, prismatic cordierite in a leucosome (M 4 metatexite, St Vincent); 3, nodular cordierite on biotite melanosome (M 3 metatexite, Forê t des Volcans); 4, nodular (± dendritic) cordierite overprinted on a biotite schlieren (M 4 diatexite, Forê t des Volcans); 5, nodular cordierite in a leucocratic Velay granite (Pont d'Antraigues); 6, prismatic cordierite in a Velay granite (Forê t des Volcans); 7, dendrite in a Velay biotite granite (Moulin Lacoste).
Evidence of mingling between biotite-only granites, cor-overprinted on the fabric. This, therefore, suggests that some Crd-Qtz aggregates grew early, whereas others are dierite-only granites and cordierite-biotite granites suggests the existence of different granite end-members in later and coeval with the consolidation of granites, as they overprint the fabric acquired during the emplacement of agreement with Williamson et al. (1992 Williamson et al. ( , 1997 . The modal abundance of prismatic cordierite, ranging from a few biotite-bearing magmas. Several lines of evidence suggest that cordierite did not result from hydrothermal processes percent in hololeucocratic up to 20% in mesocratic granites, probably reflects the bimodal nature of the related to fluid percolation as suggested by Didier & Dupraz (1985) (except those found in the quartzsurrounding gneisses, but may also suggest accumulation. On the whole, prismatic cordierite, containing biotite muscovite pegmatites), but grew in the presence of a melt phase: and sillimanite inclusions and associated with K-feldspar, plagioclase and quartz, appears as an early phase formed
(1) The syn-magmatic deformation of the granite layering around the Crd-Qtz aggregates, the presence of at low pressure through partial melting involving biotite (peritectic Crd), but subsequent growth during melt crys-elongated nodules within syn-magmatic shear-zones and of cordierites crosscut by granite veins, the concentration tallization is not precluded (cotectic Crd).
Crd-Qtz aggregates in the Velay granites occur as of quartzo-feldspathic material in the strain shadows of nodules, and temperature estimates all indicate that enclaves, or associated with hololeucocratic layers, or Analytical methods: Major and trace elements were determined by ICP-AES and ICP-MS at CRPG-CNRS Nancy. Analytical uncertainties are estimated at 2% for major elements, and at 5 or 10% for trace-element concentrations (except REE) higher or lower than 20 ppm, respectively. Precision for REE is estimated at 5% when chondrite-normalized concentrations are >10, and at 10% when they are lower. * Total iron as Fe 2 O 3 . LOI, loss on ignition. Sample location: Le Roux: road D160 (altitude 987 m); Antraigues: road D578 (Rochers de la Butte). VOLUME 40 NUMBER 9 SEPTEMBER 1999 and the negligible volume and density changes in the cockades studied (Fig. 5) do not appear consistent with acid leaching by a water-rich fluid. Phase transformation by percolation of carbonic fluid (i.e. charnockitization) also does not appear to be a suitable process because it is clearly tectonically controlled and channelized (Stähle et al., 1987) , whereas most Crd-Qtz aggregates occur as isolated nodules, cockades and dendrites randomly distributed in the granites. To conclude, three main cordierite-bearing rock types can be defined in the Velay granites: (1) granites carrying prismatic cordierite and displaying primary Crd + Kfs + Pl + Qtz ± Bt ± Sil assemblages; (2) granites displaying primary Bt + Pl + Qtz ± Kfs ± Grt ± Sil assemblages and overprinted by secondary Crd + Qtz aggregates; (3) biotite-bearing M 3 melanosomes and peraluminous xenoliths overprinted by Crd ± Hc M 4 assemblages.
Composition-volume relationships between cockades and host granites
Major element data suggest that the formation of CrdQtz aggregates from biotite granites occurred under open system conditions. Their formation may have also been accompanied by a volume change. Consequently, the bulk major-and trace-element compositions of aggregates and granites cannot be compared without considering composition-volume relationships. We used the equation REE in cockade 97-12 (Fig. 5) . The diagram shows that SiO 2 , Al 2 O 3 , Fe 2 O 3 and Sm are simultaneously immobile. As their immobility almost coincides with volume concordierite nucleation and growth has occurred in the servation (0·96 < V/V 0 < 1·1 with an average of 0·98 presence of a melt phase. The formation of prismatic for the three samples studied), we can reasonably consider cordierite appears to be coeval with the genesis of the that these elements were not far from being immobile in host magma, and pre-dates the formation of nodules and the aggregate-forming process. Hence, there follows a dendrites.
gain in MgO, P 2 O 5 and HREE, and a loss in the other (2) The major argument in favour of the fluid-related elements (CaO, Na 2 O, K 2 O, TiO 2 and LREE) consistent origin of nodules and dendrites is their occurrence along with the observed mineralogical changes and open system veins or fractures considered to be typically post-mag-conditions. matic (Didier & Dupraz, 1985) . However, it is well
In conclusion, the composition-volume relationships known that a highly crystallized mush can suffer brittle between the cockades or pod and their host granites deformation (e.g. Hibbard & Watters, 1985; Davidson et suggest negligible volume reduction and involvement of al., 1994) .
biotite and feldspars in the cordierite-forming reaction. (3) High-temperature hydrothermal leaching com-Furthermore, V/V 0 Ζ 1 suggests that deformation of monly induces incongruent dissolution of Al-bearing sil-the granite layering around the nodules, cockades and icates leading to aluminium silicate-quartz associations dendrites is not due to growth-related expansion, but to (Vernon et al., 1987 ), or greisenization (e.g. Hall, 1971 ; deformation of the partially crystallized host around a rheologically stronger core. Charoy, 1981) . The absence of alteration of feldspars 
Cordierite-forming reactions
and the other involving the dissolution of feldspars into We consider first the Crd-Qtz aggregates. Textural rethe melt releasing Al and producing quartz. Two model lationships and phase assemblages show that the dereactions have been written assuming balance of iron stabilization of biotite was prompted by the expansion and magnesium between biotite and cordierite, constant of the cordierite primary phase volume (see next section).
melt-Al and Si contents, Al 2 O 3 and SiO 2 balancing beThe morphological change and decrease in proportion tween the two reactions, and feldspar dissolution in the of feldspars from the host granite and the leucocratic rim same proportions as in the host granites (a mean Kfs/ (euhedral feldspars) to the centre of the aggregates (small Pl-An 20 ratio of unity has been used): anhedral rounded grains rimmed with quartz, or no feldspar) indicate that the source of Al may have been K 2 (Mg,Fe) (2) in the Crd-Qtz aggregates shows that quartz was also a melt reaction product. Moreover, the presence of quartz rims around feldspars close to partly dissolved quartz grains Hence, the end products seem to result from a bulk reaction: biotite + 5·45 feldspars + melt 1 ≈ 2·5 cor-( Fig. 3e and f ) suggests local equilibria.
From these considerations, it is necessary to envisage dierite + 8·3 quartz + melt 2 . The volume proportions of cordierite and quartz produced, estimated from this two coupled reactions, one involving the breakdown of VOLUME 40 NUMBER 9 SEPTEMBER 1999 bulk reaction, are 75/25, which is not far from the modal and does not contain quartz inclusions, suggesting that it did not arise from a quartz-producing reaction; (2) it proportions for cordierite and vermicular quartz (70/30). It should be noted that in reaction (1) where sillimanite and quartz are present. equilibrium with the melt; (3) mingling of these granites with biotite granites suggests that cordierite was formed at Water released by biotite breakdown probably contributed to increase the amount of melt. A simple mass-levels deeper than the emplacement level. P-T estimates (Montel et al., 1992) and the presence of biotite and balance calculation, assuming growth of a cockade (φ = sillimanite included in prismatic cordierite suggest that 50 mm, rim width = 7 mm) from a granite containing it is likely to have formed from biotite dehydration 16 wt % biotite with 3 wt % water, at 750°C and 400 melting. MPa [melt water content of 5 wt % according to Johannes & Holtz (1996) ], shows the increase of melt in the rim to be around 25%. The change in rheology as a result of higher melt proportions explains why quartzo-feldspathic Phase relationships, reaction kinetics and rims are commonly lacking, or only partially preserved cordierite growth in strain shadows.
The position of relevant key model reactions in P-T A significant amount of Ca, Na and K left the cockades space (Fig. 6 ) has been calculated for the following (through diffusion and melt migration) which became end-members: andalusite, sillimanite, kyanite, muscovite, significantly more peraluminous than the parent granite quartz, sanidine, Mg-and Fe-cordierite (anhydrous), al-(e.g. A/CNK = 1·73 for cockade 97-12, vs 1·12 for the mandine, pyrope, annite, phlogopite and water. The related granite). However, mass balancing Ca, Na and reactions K loss for one cockade shows that we are unlikely to find field evidence of the increased peralkalinity in the 2 Phl + 6 Sil + 9 Qtz = surrounding granite. Assuming excess CaO, Na 2 O and 3 Mg-Crd + 2 Kfs + 2 V (3) K 2 O to be released in the surrounding granite over a and distance of 3 cm from the cockade, and considering samples 97-10 and 97-12 (Table 3) , it can be seen that 2 Ann + 6 Sil + 9 Qtz = each oxide content is increased by <0·4 wt %, i.e. within 3 Fe-Crd + 2 Kfs + 2 V (4) the range of granite composition. Moreover, as shown display a low dP/dT slope (Hoffer, 1976; Grant, 1985 ; by the common deformation or disappearance of the Mukhopadhyay & Holdaway, 1994) whereas the requartzo-feldspathic rim (Fig. 2b) , the granite mass was actions not static but moving around the Crd-Qtz aggregates, therefore implying differential movements and melt disPhl + Sil + 2 Qtz = Pyr + Kfs + V (5) placement. and Involvement of feldspars in this reaction resembles, all Ann + Sil + 2 Qtz = Alm + Kfs + V (6) things being considered, the biotite resorption reaction described by Fougnot et al. (1996) in dacites during either are nearly vertical or display a marked curvature. magma ascent. Here, the transformation of biotite into The pressure difference between the Mg-and Fe-cororthopyroxene leads to excess Al in the melt inducing ierite-forming reactions is large (~500 MPa), whereas the the growth of feldspars. In our case, the breakdown of temperature interval between the Mg-and Fe-garnetbiotite into cordierite induces a deficit in Al, compensated forming reactions is narrow, especially between 200 and for by the dissolution of feldspars. In both cases, the melt 700 MPa. The position of the divariant field corAl content is buffered by feldspars.
responding to reactions If reactions (1) and (2) are the major cordierite-forming reactions in the Velay granites and migmatites, they are 2 Bt + 6 Sil + 9 Qtz = not the only ones. As shown (Weber et al., 1985; Montel 3 Crd + 2 Kfs + 2 V (7) et al., 1986, 1992) , the formation of cordierite (locally Bt + Sil + 2 Qtz = Grt + Kfs + V (8) associated with hercynite) on the M 3 migmatite melanoand somes can be accounted for by several other possible reactions: Bt + Sil + Qtz + V = L + Crd, Qtz + 2 Grt + 4 Sil + 5 Qtz = 3 Crd (9) Kfs + Pl + Bt + Sil + Qtz + V = L + Crd, Bt + Sil + Qtz = L + Crd + Kfs and Bt + Sil = L + is also shown in Fig. 6 , for natural compositions (wholeCrd + Hc. Besides, several lines of evidence suggest that rock X Mg = 0·4, K-feldspar X Or = 0·9). The cordieriteprismatic cordierite did not form through reactions (1) in and biotite-out reactions display a low dP/dT slope and define a wide Bt + Crd domain (~200 MPa). and (2): (1) it is never associated with quartz aggregates Holland & Powell (1998) . H, S, V calculated at 700°C and 300 MPa, neglecting specific heat and compressibilities. Formulation for RT ln f H 2 O according to Holland & Powell (1990) activity of Al 2 SiO 5 . In that case, the Bt + Crd field is In the rocks studied, the least abundant phase in likely to extend to pressures as low as 100 MPa. reaction (7) is sillimanite. Therefore, when sillimanite is
The thermodynamic approach we used is very crude exhausted, the reaction should stop, producing only a because numerous factors are not considered (hydration small amount of cordierite. However, as reaction (7) is in a domain where a granitic melt is present, we believe it continues after the disappearance of sillimanite, with an activity of Al 2 SiO 5 < 1, taking alumina from the melt phase. In this respect, reaction (1) We calculated the position of reaction (7) at 800°C, for 0·01 < aAl 2 SiO 5 < 1, by adding 6RT ln aAl 2 SiO 5 in the expression for G (Fig. 7) . Although this is not totally correct because we should use H, S, V of molten Al 2 SiO 5 to calculate H, S, V for the reaction, the general evolution should not be in error. Decreasing aAl 2 SiO 5 displaces both Crd-in and Bt-out reactions toward lower pressure. However, there is a limit for lowering this Fig. 7 . Position of the reactions 2 Bt + 6 Sill + 9 Qtz = 3 Crd + activity, i.e. the sillimanite-free reaction Bt + Qtz = 2 Kfs + 2 V and Bt + Qtz = Opx + Kfs + V at 800°C and variable activity of Al 2 SiO 5 .
Opx + Kfs + V, which intersects reaction (7) at low VOLUME 40 NUMBER 9 SEPTEMBER 1999 of cordierite, other end-members in biotite and garnet, [reaction (1)], induced Al deficiency (eventually confluid composition). Nevertheless, the main conclusions sumption of sillimanite if present) and incipient quartz remain qualitatively correct and account for most of the dissolution. petrological features that we observed: (2) Growth of cordierite at the melt interface parallel (1) Reaction (7) is characterized by a low dP/dT, to the diffusion gradient, in a highly crystallized granite implying that it is reached by decompression. This re-mush (or in partially melted gneisses) and at aAl 2 SiO 5 < action producing water is actually a melting reaction, 1, triggered feldspar dissolution, production of quartz which can be intersected during 'retrogression'. Because and release of Ca, Na and K [reactions (1) and (2)]. of the slope, more liquid is produced as P decreases, (3) Biotite breakdown at the cockade-granite interface, lowering densities and favouring ascent. There is a pos-and diffusion of Fe and Mg towards cordierite led to the sibility that this phenomenon becomes self-sustained and development of a biotite-free hololeucocratic rim and to produces a significant uplift event.
an increase in the amount of melt in that rim. The (2) Lowering aAl 2 SiO 5 shifts the Bt + Crd domain viscosity contrast between the host granite and the cortowards low pressures, in agreement with the presence dierite-quartz aggregates shown by the bending of the of this assemblage throughout the Velay area. Pressures granite fabric around the aggregates (likely to reflect as low as 100 MPa should be reached before intersecting different amount of interstitial melt), and the slight volume the Opx-forming reaction. Orthopyroxene is not present reduction of the aggregates suggest that the melt phase in the Velay area, except in some rare mafic rocks.
has been pushed away from the growing nodules towards Crystal morphologies are considered as suitable in-the hololeucocratic rim. The viscosity contrast as a result dicators of equilibrium or disequilibrium growth con-of higher melt fraction in this rim further explains why ditions. Studies on pure metal and alloy solidification the quartzo-feldspathic material is commonly lacking, or (e.g. Kurz & Fisher, 1989) show that dendritic and eutectic preserved only between the branches of the nodules, or morphologies, the two basic growth forms necessary collected in strain shadows, during deformation. to interpret solidification microstructures, depend upon cooling conditions (degree of undercooling), transport properties (heat and mass diffusion) and solid composition Cordierite and the conditions of genesis (pure substances, solid solutions, eutectic).
and emplacement of crustal granites
The Crd + Qtz aggregates in the Velay granite
In the Velay granite complex, two granite end-members complex did not result from eutectic crystallization, nor have been distinguished: granites containing prismatic from columnar or equiaxial growth related to uncordierite as a primary ferromagnesian phase, and biotite dercooling, because quartz and cordierite are the products granites containing Crd-Qtz aggregates overprinting of two distinct reactions and temperature gradients in primary biotite-bearing assemblages. the granite are very unlikely at the scale of the cockades Granites with prismatic cordierite do not generally and dendrites (however, temperature gradients in the contain nodules or dendrites, but euhedral crystals sugwhole mass may have been important). Structures, rather, gesting that their parental magmas were in equilibrium suggest that the growth of dendritic cordierite in the with cordierite under the physico-chemical conditions granites was controlled by mass diffusion in a highly prevailing at the levels of genesis and emplacement. crystallized mush (or in partially melted gneisses, in However, the local presence of cockades and dendrites migmatites): (1) the host granite was significantly crysin some of these granites containing biotite suggests that tallized as suggested by its solid-state behaviour, so that the Crd-Qtz aggregates post-date prismatic cordierite. element diffusion was restricted to the melt phase forming Mingling of these granites with cordierite-free biotite an interconnected network at grain boundaries; (2) the granites, generated under particular conditions (see next presence of a biotite-free quartzo-feldspathic rim around paragraph), indicates that they did not form at the level cordierite-quartz aggregates (cockades) and the corof consolidation but came from slightly deeper levels. dierite-forming reactions (1) and (2) implying removal of Here, cordierite is the expression of the genesis of shallow Ca, Na, K and Ti, and input of Fe and Mg, show crustal melts, formed under equilibrium conditions that the reaction was diffusion controlled. Numerical through dehydration melting of the surrounding biotitesimulations on diffusion-controlled growth of cordierite bearing metamorphic series. Prismatic cordierite can be support this interpretation (A. Froehlich & F. Holtz, regarded as peritectic and possibly cotectic. unpublished data, 1996) .
In the biotite granites, biotite and garnet are early Available data allow the formation of cordierite to be phases commonly found as inclusions in feldspars. Conreconstructed in three main stages, resulting from the sidering the stability of these two phases up to high interplay of P-T-X and kinetic factors:
pressures and temperatures (e.g. Le Breton & Thompson, (1) Nucleation of cordierite in response to decompression, from a silica-saturated peraluminous melt 1988; Vielzeuf & Holloway, 1988; Vielzeuf & Montel, 1994; Patiño Douce & Beard, 1995; Patiño Douce, 1996) prismatic crystals (first-formed ferromagnesian phase in and phase relationships involving biotite, cordierite and some migmatites and granites) and Crd-Qtz aggregates melt, the biotite granites are likely to have been derived (second-formed phase assemblage overprinted on biotitefrom melts generated at depth, from both the lower bearing assemblages). Cordierite grew before the full crust and the host series (middle crust), as shown from consolidation of the Velay granites. geochemical data of Williamson et al. (1992) . Here, nod-(2) Prismatic cordierite appears as a peritectic (cotectic) ular and dendritic Crd-Qtz aggregates express dis-phase formed at shallow crustal levels under equilibrium equilibrium growth conditions, in response to ascent of conditions along with granitic melts contributing to the biotite ± garnet-bearing magmas equilibrated at depth, Velay massif. Crd-Qtz aggregates formed through a but emplaced and consolidated at shallow levels of the reaction involving the breakdown of biotite in the prescrust, within the cordierite + melt stability field.
ence of melt, accompanied by the dissolution of feldspars. In the migmatitic envelope, cordierite appears with These aggregates overprinting the igneous layering in the low-pressure M 4 event related to emplacement of the biotite granites suggest disequilibrium growth conthe Velay granites. The migmatites contain prismatic ditions in the late stages of granite emplacement and cordierite in the leucosomes and Crd-Qtz aggregates consolidation. The formation of Crd-Qtz aggregates is superimposed on S 2 and S 3 structures. Here again, pris-considered to reflect decompression linked to the en masse matic cordierite expresses in situ low-P near-equilibrium ascent of the whole partially melted volume (granites peritectic melting of the host series in response to a plus the surrounding migmatites). However, this diapiric temperature increase, whereas Crd-Qtz aggregates ex-ascent represents only the final stage of the evolution of press disequilibrium growth conditions in the presence the Velay complex, as it post-dates magma ponding. of a melt phase, as in the Velay biotite granites. The (3) On the whole, these syn-emplacement mineral growth of nodular and dendritic cordierite in both the reactions, which are not common, require unusually high Velay migmatites and granites suggests decompression dT/dP gradients, conditions undoubtedly favoured in of the whole partially melted volume.
extensional contexts. The importance of melting at shalThe above data can be incorporated in the model of low crustal levels, triggered by emplacement of lower- Williamson et al. (1992) , which can be complemented as crustal melts, in the genesis of large peraluminous granites follows:
has to be emphasized. In the case studied, the M 3 (1) Genesis of lower-crustal melts in equilibrium with migmatites probably played a fundamental role in locbiotite and garnet occurred by remelting of underplated alizing the emplacement level for the lower-crustal material. Ascent of the magmas was accompanied by magmas [high-Sr granites of Williamson et al. (1992) ] mantle-derived mafic magmas (vaugnerites), which conand providing large amounts of material close to or just stituted an additional heat source. Melting of the fertile above the solidus. The M 4 migmatites appear as the country rock enhanced the amount of biotite-bearing melt during ascent.
consequence of the thermal anomaly generated by the (2) The magmas ponded in partially melted upper emplacement of the hot lower-crustal and mantle melts, mid-crustal levels, which may have acted as a thermal and whereas the Velay granites result from polybaric melting rheological screen. They triggered catastrophic partial and melt sampling at different crustal levels, but with an melting of the surrounding metamorphic series, leading important contribution of the surrounding series close to to cordierite-bearing metatexites, diatexites (M 4 event) the level of emplacement. and granites. Dehydration melting of the host series generated melts in equilibrium with prismatic cordierite. These cordierite-bearing magmas were mingled and emplaced together with biotite-bearing ones. Accumulation of a large amount of melt in an extensional context ACKNOWLEDGEMENTS generated a mechanical instability which led to the en Thorough reviews and pertinent suggestions by D. B. masse ascent of the whole partially melted volume (granites Clarke, M. J. Holdaway and F. Holtz are gratefully and migmatites). Partially crystallized biotite-bearing acknowledged. Thanks are due to N. Le Breton and granites and migmatites continued to re-equilibrate, W. L. Brown for fruitful discussions and critical reading through a reaction involving biotite and melt, producing nodular and dendritic Crd-Qtz aggregates.
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